Cryo-electron tomography (cryo-ET) has emerged as a leading technique for three-dimensional visualization of large macromolecular complexes and their conformational changes in their native cellular environment. However, the resolution and potential applications of cryo-ET are fundamentally limited by specimen thickness, preventing high-resolution in situ visualization of macromolecular structures in many bacteria (such as Escherichia coli and Salmonella enterica). Minicells, which were discovered nearly 50 years ago, have recently been exploited as model systems to visualize molecular machines in situ, due to their smaller size and other unique properties. In this review, we discuss strategies for producing minicells and highlight their use in the study of chemotactic signaling, protein secretion, and DNA translocation. In combination with powerful genetic tools and advanced imaging techniques, minicells provide a springboard for in-depth structural studies of bacterial macromolecular complexes in situ and therefore offer a unique approach for gaining novel structural insights into many important processes in microbiology.
A
living cell can be viewed as a miniature factory of a large collection of dedicated molecular machines (1) . These machines, optimized by billions of years of evolution, orchestrate nearly every major biochemical process in the cell. A grand challenge for cell biology is to study the assembly and function of the machines at the molecular level, particularly within their cellular environment. Advances in imaging techniques and novel sample preparation methods are providing unparalleled opportunities to visualize the molecular machines and subcellular structures in cells.
Electron microscopy (EM) is one imaging technique and has been instrumental to cell biology through seminal discoveries on cellular organization and ultrastructure (2) . Traditional EM, however, has been limited to the production of images of subcellular structures lacking molecular details. Moreover, traditional sample preparations comprising chemical fixation, staining, dehydration, and sectioning unavoidably disturb the native state of cells and introduce artifacts that complicate our understanding of cellular organization. The development of an easily applicable method for sample vitrification made it possible to preserve the native structures of cells, organelles, and biomolecules (3) . Together with recent breakthroughs in electron microscopic hardware and image processing software, cryo-EM is now capable of determining the atomic structures of biochemically purified biomolecules (4) . On a broader spectrum, cryo-electron tomography (cryo-ET) can provide three-dimensional (3D) structural information ranging from the cellular to the molecular level, enabling a better understanding of fundamental processes in eukaryotic and prokaryotic cells (2, (5) (6) (7) (8) (9) .
Cryo-ET is particularly powerful for studying bacterial cells because of their relatively small size. It has extensively been used for investigating bacterial chemotaxis systems (10, 11) , cytoskeletal filaments (12) (13) (14) , motility machineries (15) (16) (17) (18) (19) (20) , cell division (21, 22), and phage assembly and infection (23-25). However, most bacterial cells are still too large for high-resolution in situ characterizations of cellular structures.
Many techniques have been used to produce frozen-hydrated bacterial samples that are thin enough for cryo-ET. Bacteria of Ͻ300 nm in diameter, such as spirochetes, can be used directly for preparing thin frozen-hydrated specimens (16, 17, (26) (27) (28) . Larger bacteria can be treated with antibiotics or lysozyme to flatten them (29). Alternatively, the expression of a phage lysis gene (30) has been used to produce partially lysed flatter cells that contain native membranes and membrane-associated protein complexes. Vitreous sectioning (31) and focused ion beam milling (FIB) (32, 33) have been developed to produce thin and vitreous sections, opening a new window to view the ultrastructure of larger cells and tissues in their native state. Nevertheless, both techniques require expensive instrumentation and remain technically challenging (34-36).
Recently, bacterial minicells have rapidly emerged as a valuable system for studying molecular machines in situ by cryo-ET, as minicells are considerably smaller than normal bacterial cells, and their preparation does not require specialized equipment. Here, we review various methods for producing, isolating, and purifying minicells and highlight many recent applications.
cesses, such as ATP synthesis, replication and transcription of plasmid DNA, and translation of mRNA. The minicell system was widely exploited in the late 1960s through the 1970s to study a variety of processes, including cell division, molecular transport, bacteriophage infection, and polypeptide synthesis (37). Now, there is renewed interest in developing minicells into drug delivery systems (39, 40) and vaccines that activate an immune response (41) , because minicells often retain the virulence properties of the parent cells and yet cannot proliferate (42) . Importantly, their unique properties emphasize the potential of using minicells and minicell-producing mutants as a toolbox for in situ structural biology.
MINICELL-PRODUCING MUTANTS
Genetic and biochemical characterization of E. coli minicell-producing mutants revealed that most are defective in a multiprotein system known as the Min system, which mediates the proper midcell placement of the cell division septum (43, 44) . The Min system is best characterized in E. coli and Bacillus subtilis but is present in diverse bacterial species and in chloroplasts (45) . In E. coli, three Min proteins, MinC, MinD, and MinE, synergistically mediate the proper placement of the cell division machinery, or the divisome, by inhibiting its development at sites other than midcell (46) . FtsZ, a bacterial homolog of tubulin, is an essential component of this complex, in that it initiates the development of the divisome by forming a ring-like structure, termed the Z-ring, at the potential site of division, ultimately recruiting additional divisome proteins to form the complete divisome (47, 48) . In E. coli, the Min proteins rapidly transit from one cell pole to the opposite cell pole, forming a bipolar inhibitory gradient that blocks assembly of the Z-ring near the poles but allows it near midcell ( Fig. 2A) (49) (50) (51) .
Mutant strains of E. coli deficient in the Min system are not able to spatially restrict the Z-ring to midcell. Another negative spatial regulator of Z-rings called "nucleoid occlusion," which inhibits Z-ring assembly in the space occupied by the chromosomes, is still intact in ⌬min cells (52) . The result is that Z-rings in ⌬min mutants assemble at either midcell between separated chromosomes or at the chromosome-free cell poles (Fig. 2B) . The polar division from a polar Z-ring leaves behind a viable mother cell containing chromosomal DNA and a chromosome-less minicell; the production of mother cells with chromosomes along with normal cells from divisions at midcell maintains the overall viability of min mutants of E. coli similar to that of wild-type cells. B. subtilis has an analogous system, although some of the protein components are different (53) , and they do not oscillate. The result is a similar bipolar gradient that prevents inappropriate Z-rings from assembling near cell poles (54) . Inactivation of the Min system in B. subtilis, as with E. coli, results in polar septation and minicell formation (Fig. 1B) (55, 56) . Growth in rich medium significantly increases the percentage of B. subtilis minicells (55), although it is not clear if this is generally applicable to other species.
Inactivation of Min or Min-like systems has proven successful in generating minicells from many species, including Salmonella enterica (41) , Pseudomonas aeruginosa (39) , and Corynebacterium glutamicum (40) . However, inactivation of the Min system in some bacterial species may not be sufficient for generating high minicell yields. For example, inactivation of the Listeria monocytogenes Min system produces minicells at very low frequency (57) , perhaps because of the action of additional Z-ring spatial regulators in this species. Alternatively, the overproduction of FtsZ can overwhelm the Min system and produce minicells in an otherwise wild-type strain of E. coli (58) . A similar strategy was recently used to overproduce FtsZ and resulted in a 2-fold increase in minicell production of L. monocytogenes (57) .
Many rod-shaped bacteria lack a recognizable Min system, but alternative mechanisms for mediating divisome placement can be exploited to generate minicells in those species (59) . For example, Myxococcus xanthus uses a novel protein called PomZ to positively regulate the assembly of the divisome by recruiting FtsZ to midcell (60) . Interestingly, cells deficient in PomZ readily produce minicells, suggesting that PomZ acts as a spatial regulator of Z-ring placement (60) . Inactivation of these spatial regulatory systems, as they become known, should be considered when attempting to generate minicells from species that lack typical Min systems.
Although minicells are much shorter than the rod-shaped parent cells, they may not always be small enough for optimal cryo-ET studies. One solution has been to obtain thinner E. coli cells. The actin-like MreB protein is required for the normal rod shape and width of E. coli cells (Fig. 1C) , but a mutant mreB gene encoding an A125V change results in cells with significantly smaller diameters (Fig. 1D ) than those of wild-type cells (61) . Inactivation of the min locus in this skinny E. coli strain results in minicells with a reduced diameter (Fig. 1E) , which is better for cryo-ET analysis (61) . Furthermore, for reasons that are yet unclear, minicells obtained from the above-mentioned ⌬min mreB-A125V double mutant are even smaller when the strain harbors a plasmid expressing the flagellar flhDC genes. An alternative approach for obtaining minicells with smaller diameters is to use a multistep minicell isolation procedure that enriches for smaller minicells (see "Isolating Minicells").
ISOLATING MINICELLS
To prepare frozen-hydrated samples, it is ideal to isolate the minicells from the nucleated nonminicells so they may be loaded onto EM grids and vitrified. Several methods have been developed for the purification of minicells, such as differential centrifugation ( Fig. 2C to E), multiple density gradient centrifugation, and multistep filtration (38, 62) (see below). For specific methodologies, see the references listed in Table 1 . Each method presents certain drawbacks, including limited sample size, low recovery from density gradients, and increased cost of production.
To prepare minicells that are uniformly very small, a more complex isolation method can be used (39) . In this approach, cultures of minicell-producing strains are grown under highstress conditions (5% NaCl) known to cause bacterial cells to become filamentous, which increases the size differential between the minicells and remaining cells. Although this strategy is not always necessary with ⌬min mutants of E. coli, which are already a mixture of filaments and minicells, it should be particularly useful for cells that modestly overproduce FtsZ and are generally short. Once they reach adequate cell density, the bacterial cultures are then centrifuged at low speed to remove the majority of the large cells. Supernatant fractions are collected, and minicells are purified away from larger cells through three sequential density gradient centrifugation steps. The centrifugation speed and time are specific to each particular strain and should be modified depending on the type of minicell-producing bacteria by comparing the distribution of minicells to that of nonminicells in each fraction. Enriched minicell suspensions are then passed through a 0.45-m-pore-size cross-flow filter to homogenize minicell size. The filtrate is then finally passed through a 0.20-m-pore-size cross-flow filter to filter out very small contaminants, such as membrane vesicles and cellular debris, producing a high minicell yield in the retentate with uniform size and minimal contamination (39) .
It should be emphasized that minicells are not simply small cells that lack a chromosome. Because polar Z-rings assemble at various distances from the cell pole, probably as a result of the variability of nucleoid positioning, minicells of different sizes are generated. In particular, tiny minicells most likely arise from Zrings that form very close to cell poles. Minicells generated from ⌬min mutants may have a different physiology than that of minicells generated by the overexpression of ftsZ. Once formed, minicells may also have the potential to reorganize their structure, both internal and external, as they remain metabolically active. We are unaware of any studies directly addressing this possibility, but it does provide a reasonable explanation for the observed variation in minicell sizes derived from a single bacterial culture. We have also noted that the cytoplasm in a fraction of minicells is smaller than expected and that the width of the minicell periplasm is more varied than that in intact cells. These are substantial concerns that need to be considered before conclusions are drawn. In part, these concerns are ameliorated by analyzing many individual tomograms and by use of classification and subtomogram-averaging procedures, which are routinely used in generating the high-resolution structures. However, minicells may not be appropriate for studies in which the focus is on the kinetics of a biological process, specific requirements for membrane curvature, or the colocalization of independent macromolecular structures. Further potential challenges in interpreting data from phage infection of minicells are discussed below.
CRYO-ET APPLICATIONS OF BACTERIAL MINICELLS
Architecture of chemoreceptor arrays. Chemotaxis allows bacteria to sense the chemical signals of their environment and respond to changes by either moving away from unfavorable conditions or moving toward favorable ones (63, 64) . This process is mediated by arrays of chemotaxis signaling proteins that sense chemical signals and transduce the signal to motility organelles to modulate the direction of bacterial motility. The chemotaxis signaling complex is composed of three proteins: a methyl-accepting chemotaxis protein (MCP), CheA (histidine kinase), and CheW (complex coupling protein). The chemotaxis signaling complexes are assembled into large arrays, which are essential for signal amplification and remarkable sensitivity of the system. Extensive biochemical and structural analyses have provided atomic structures of individual components and their interactions (63, 64) . However, it was not clear how these components assemble to form arrays until recent in situ structural studies.
The spatial organization of the functional arrays was initially visualized by cryo-ET studies of Caulobacter crescentus (10) and E. coli cells (11) . These studies produced low-resolution structures of the chemotaxis signaling complex, revealing that MCPs are anchored to the cytoplasmic side of the inner membrane, where they form pillar-like structures, and that CheA/W interacts with the cytoplasmic tip of MCPs (10, 11) . To determine higher-resolution structures that could distinguish individual MCP dimers, S. en- terica minicells were used for cryo-ET studies of chemoreceptor arrays (65) . These minicells (Fig. 3A) were produced through the introduction of a second copy of the ftsZ gene. The small S. enterica minicells allowed for higher-resolution structural determination of the receptor arrays (Fig. 3B) . Moreover, the in situ structure revealed individual MCP dimer densities (Fig. 3B ) for the first time, which allowed better docking of the crystal structures ( Fig.  3C ) (65) . Similarly, tiny E. coli minicells produced from a skinny mreB (A125V) mutant strain were used to visualize receptor arrays in (G to I) Tomographic slice through the center of an E. coli minicell infected with phage T4 (G), magnified view of the same adsorbed phage particle penetrating and transferring DNA into the cell (H), and the corresponding 3D rendering (republished from reference 92 with permission of the publisher) (I). OM, outer membrane; IM, inner membrane.
detail (66) . Larger arrays were specifically generated by the overproduction of FlhDC from a plasmid copy, which upregulates the expression of flagellar and chemotaxis genes. After the images from hundreds of minicells were averaged, EM structures of the intact arrays in their native cell envelope were achieved at 3.2-nm resolution. Importantly, this level of resolution is sufficient to build a model of the chemotaxis signaling complex in the context of the receptor array. Together, these studies provide a structural basis for array formation, which is required to understand the high sensitivity and cooperativity of chemotaxis signaling in bacteria (65, 66) .
Minicells help elucidate type III secretion machine structures. Type III secretion systems (T3SSs) are widely used by Gram-negative bacteria to assemble flagella for locomotion and to transport virulence effectors into eukaryotic cells. The flagellar T3SS (the flagellum) and the nonflagellar T3SS (the injectisome) diverge greatly in terms of function. However, they share an evolutionarily related core structure consisting of a multiring basal structure that traverses the periplasmic space and is embedded in the inner and outer membranes (67, 68) . The injectisome, consisting of approximately 20 proteins, directly contacts a eukaryotic host cell and serves as a conduit for the delivery of bacterial effector proteins into the host (67, 69) . The flagellum is more complex. Approximately 40 proteins are involved in mediation of the assembly and rotation of the large complex (6, (70) (71) (72) .
EM studies of purified basal body complexes have revealed considerable structural information for both the flagellum and injectisome (73, 74) . However, published structures of these organelles lack structural detail for many critical components, because they are often lost after detergent extraction during basal body purification. To determine in situ structures of the intact flagellar motor and injectisome, Kawamoto et al. (75) employed S. enterica minicells to visualize both motors and injectisomes embedded in a common cell envelope. Similar to the S. enterica chemoreceptor study (65) , minicells were induced by increasing the cellular levels of FtsZ. Although both in situ structures have relatively low resolution (75) , particularly compared to the cryo-EM structures from purified basal complexes (73, 74) , this study demonstrates the potential of minicell systems for investigating flagella and injectisomes in situ.
Minicells were also used to visualize the injectisome in Yersinia enterocolitica. In this case, a mutant strain forming minicells was generated by two-step allelic exchange (76) . The combined use of Yersinia minicells and subtomogram averaging resulted in an ϳ4-nm-resolution in situ structure of the injectisome (77) . Notably, the injectisome structure from Y. enterocolitica minicells is considerably more informative than the ϳ7-nm-resolution injectisome structure derived from whole cells of Shigella flexneri, partly because of reduced cell thickness (77) .
To obtain higher-resolution structures of an intact injectisome and its cytoplasmic sorting platform, an S. flexneri minicell-producing strain was recently constructed by overproducing FtsZ from a plasmid (along with two other cell division proteins, FtsA and FtsQ, encoded by adjacent genes) (78) . It was previously reported that S. flexneri minicells are capable of invading host cells (42) and that S. enterica minicell injectisomes can effectively deliver proteins into eukaryotic cells (41) . Cryo-ET reconstructions of S. flexneri minicells interacting with red blood cells represent the first use of minicells to visualize the interaction between bacteria and a eukaryotic host (78) . Tiny S. flexneri minicells (Fig. 3D and E) were selected to generate thousands of 3D tomograms (78) . The small diameter of these minicells made it possible to resolve the injectisome and its cytoplasmic sorting platform (Fig. 3F) , which had not been visualized in earlier injectisome structures (75, 77) . This platform, consisting of a central hub and six spokes, with a pod-like structure at the terminus of each spoke, functions to sort effector proteins for the delivery and recognition of specific effectors, and it is required for T3SS assembly and function (79) . By docking known atomic structures onto the resulting density maps, this study determined that the hub consists mainly of a hexamer of the ATPase Spa47, while the MxiN protein and Spa33 protein comprise the spokes and pods, respectively (78). The structure not only provides the basis for further dissection of the secretion mechanisms of the injectisome but also underscores the major structural distinctions between flagella and injectisomes.
Minicells as model hosts for bacteriophage adsorption and DNA ejection. Phages are the most abundant biological entity in the biosphere and are responsible for much of bacterial evolution. Most phages utilize elaborate tail machines to eject their genome into a host cell. Despite major efforts and astonishing progress in achieving atomic structures of individual components and even entire virions (80, 81) , only limited progress has been made in understanding the dynamic process of phage infection since the 1967 landmark papers showing T4 infecting cells by conventional EM (82, 83) . The development of cryo-ET has helped redress this gap in our knowledge. For example, cryo-ET of E. coli cells infected by the tailless lipid-containing phage PRD1 revealed that a proteolipid tube forms after infection and crosses the cell envelope, presumably providing a conduit for DNA transport into the cell (84) . Cryo-ET studies on phage infection of the naturally thin cells of Prochlorococcus spp. (23), Synechococcus spp. (24), and C. crescentus (25) have yielded exciting and significant information on phage development. However, a detailed molecular understanding of the infection process has been hampered by the lack of genetic and physiological information about these host-parasite interactions relative to E. coli and its phages. A similar drawback is associated with interpreting ε15 structural intermediates during infection by cryo-ET (85). This work was made even more difficult by the size of the host bacterium, S. enterica serovar Anatum, which limited the resolution of the structures that were obtained. The development of E. coli minicells as a host should allow the generation of higher-resolution structures. In turn, higher resolution can lead to a deeper understanding and new insights into the mechanisms of phage infection initiation.
E. coli minicells were initially used to structurally characterize interactions between the host cell and P1, a contractiletailed phage most commonly used for generalized transduction (86) . Cryo-ET reconstructions of minicells infected with P1 revealed three stages of phage infection (61) . First, phages interact with the cell surface via their tail fibers, initially with one tail fiber contacting the outer membrane and then with multiple fibers, positioning the tail baseplate perpendicular to the cell surface. The tail sheath subsequently contracts, moving away from the cell surface and exposing the inner tail tube while penetrating the cell envelope. Tomographic images of phage-host interactions suggest that contraction of the phage tail and penetration of the outer membrane do not necessarily lead to the injection of genetic material, implicating additional mechanisms for phage DNA to penetrate the inner membrane and enter the cell.
A subsequent study pushed the limits of resolution and provided an example of the extraordinary potential of minicells for understanding the molecular mechanism of infection by T7, a short-tailed phage (87) . Cryo-ET of infected minicells revealed structures of the phage during three sequential stages of infection: transient interaction with the cell surface, stable attachment to the surface, and formation of an extended tail that penetrates both outer and inner membranes for DNA translocation (88) . Importantly, although a high-resolution structure of the T7 phage was published previously (89) , only the cryo-ET study was able to resolve individual phage tail fibers by subtomogram averaging and classification. In contrast to the conventional depiction of a phage particle, the cryo-ET-derived structure showed that the majority of tail fibers were bound to the capsid, with only one or two fibers being unbound, presumably aiding the tail in locating its cell surface receptors. Once stably adsorbed, all tail fibers contact the outer membrane. In addition, this study provided the first structural evidence that the internal core proteins of T7 are ejected from the capsid and that they assemble inside the cell to form a transenvelope channel that allows DNA translocation from the phage to the cytoplasm.
Similar E. coli minicells were employed to study infection by a X174-like coliphage, ST-1 (90) . The icosahedral ST-1 particle lacks an external tail. The pilot protein H is required for DNA translocation (91) . Indeed, cryo-ET of ST-1-infected minicells showed that a fraction of the phages contacting cells forms a novel tail tube, which was often observed to penetrate the inner membrane. The tail tubes were absent after genome delivery, suggesting that they disassemble after DNA ejection.
Recently, E. coli minicells were used to resolve the infection mechanism of phage T4 (92), a classic model system for studying DNA ejection (93) . Phage T4 has a contractile tail with a baseplate and both short tail fibers (STFs) and long tail fibers (LTFs). There is high structural similarity between the contractile tail of the phage and type VI bacterial secretion systems (81) . The application of cryo-ET and subtomogram averaging to the study of T4 infection of skinny E. coli minicells provided novel insights into T4 infection initiation (Fig. 3G to I ) and confirmed the phage structure and individual components previously resolved by cryo-EM and X-ray crystallography (81) . This study also provided direct structural evidence that prior to adsorption, the majority of LTFs are bound to the sheath, allowing two or three extended LTFs to transiently interact with the cell surface. Once several LTFs have bound to the surface, the baseplate undergoes a conformational change from a hexagonal to a star conformation, releasing all STFs that bind irreversibly to the cell surface. Following sheath contraction, the tail tube penetrates the outer membrane. The tail-associated lysozyme degrades the cell wall, and the tail tube then traverses the host cell periplasm. Further penetration into the host cytoplasm is accompanied by a dramatic local outward curvature of the cytoplasmic membrane as it fuses with the phage tail tip. This study not only provided new molecular insights into the mechanistic pathway of T4 phage infection but also demonstrated the potential of the combination of thin E. coli minicells and cryo-ET to provide high-resolution 3D structures of phage infection intermediates in near-native states.
By definition, minicells represent only a portion of the cell, and the cell envelope is not of uniform composition. Differences in lipid, cell wall, and protein composition at the polar and septal regions are perhaps best studied (94) (95) (96) . For example, relative to their intact E. coli parent cells, minicell cytoplasmic membranes are enriched for cardiolipin and specific polar membrane proteins, and their cell walls are enriched for inert peptidoglycan (97) (98) (99) . Although these properties may raise concerns about the physiological relevance of minicells as model systems compared with parental cells, many structures derived from minicells, such as chemoreceptors, naturally occur at cell poles. Furthermore, several phages exhibit a distinct preference for adsorbing to cell poles or a future pole at midcell (100), which makes minicells eminently suitable for studying structural changes occurring during the initiation of infection. We are not aware of any compelling data showing that the fundamental mechanism of phage infection initiation, distinct from any kinetics of the process, is different following polar or sidewall adsorption. As long as conditions can be found under which phage adsorption results in a complex that is sufficiently stable for cryo-ET analysis, it seems likely that comparable structural changes during the initial stages of infection will be similar to those of infection of intact cells. Some phages have been shown to produce progeny after infection of minicells (88, 101, 102) , but the kinetics of phage development in minicells is likely aberrant and cannot be compared to that of infections of exponentially growing parent cells.
OUTLOOK AND POTENTIAL APPLICATIONS
Although bacterial minicells have been known to exist for nearly 50 years, their use in cryo-ET is relatively new and opens tremendous opportunities for many novel and exciting applications. Specifically, the decreased thickness of bacterial minicells allows direct visualization of molecular machines within intact cells without stains, fixatives, or additional steps for thinning or sectioning. Given that E. coli and many other bacteria are model organisms widely used as protein expression systems, bacterial minicells can be considered a miniature living toolbox for the expression and assembly of a variety of molecular machines, including cell surface structures that do not require the chromosome or midcell components. This toolbox is particularly valuable for structural characterization of macromolecular complexes in situ, as highlighted by the many examples in this review. Moreover, as minicells retain functional and often infectious properties of the parent bacteria (41, 42) , they promise to be useful model systems for understanding the molecular basis of bacterium-host interactions, a central process during bacterial infection. Given the increase in antibiotic-resistant bacteria that could alternatively be targeted by phage treatment (103, 104) , minicells present ideal host systems for understanding the molecular basis of host specificity during adsorption and infection. Most studies highlighted in this review have focused on applications of minicells from a variety of Gramnegative bacteria, but minicells from Gram-positive bacteria promise to be equally fruitful. 
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